Wastewater reclamation plants using reverse osmosis as the final polishing treatment produce reverse osmosis concentrate (ROC), which consists of high salinity, nutrients and (recalcitrant) organics. The ROC collected from the water reclamation plant in Sydney was treated with a micro filtration (MF)-GAC hybrid system that removed natural and synthetic organics prior to its discharge into the environment. The MF-GAC hybrid system's performance was studied in terms of trans-membrane pressure (TMP) development, and organics removal. These features were measured using liquid chromatography-organic carbon detection (LC-OCD), Fluorescence Excitation-Emission matrix (F-EEM), and Liquid chromatography with tandem mass spectroscopy (LC-MS). Adding GAC into the membrane reactor reduced the TMP by reducing membrane fouling both through mechanical scouring and pre-adsorption of organics. F-EEM confirms the removal of humics-like and fulvic-like compounds by GAC from ROC. Pharmaceuticals and personal care products (PPCPs) were also removed by the MF-GAC hybrid system.
Introduction
RO is used widely in wastewater reclamation plants as the final treatment stage [1] [2] [3] [4] [5] . Hundreds of RO based reclamation plants are in operation in Australia, Asia, Europe, Africa, and America which includes Orange County plant in California, USA (265 MLD) and three plants in Singapore (Bedok, Kranji and Changi) [6] . In Sydney alone two major water reclamation plants are using RO after micro filtration (Homebush bay plant) [7] and ultrafiltration (St. Marys water recycling plant) of biologically treated wastewater. The resulting product from both plants is then used for irrigation and replenishing of Napean River, respectively. Though these RO plants lead to high quality reusable water, they also produce large volumes of RO concentrate (ROC) that are rich in dissolved organics, pharmaceuticals, persistent organic pollutants (PPCPs), pesticides, inorganics, etc. The direct disposal of ROC into water bodies can pose a severe eco-toxicological risk, threaten aquatic organisms and cause serious environmental problems. Consequently, proper treatment, sustainable management and safe disposal of ROC are mandatory requirements [8, 9] .
Forward osmosis, membrane distillation, advanced oxidation processes [9] [10] [11] have been applied to treat ROC; however, the costs associated with these technologies limit their wider application. In this context, GAC adsorption is recommended as a simple, cost effective option for removing organics from water and seawater [12, 13] . GAC was found to remove humics, building blocks and LMWs efficiently from water as these components are easily adsorbed into GAC pores [14] . Coupling of membrane-(powdered) activated carbon hybrid system was studied by Guo et al., Vigneswaran et al. and Kim et al. [15] [16] [17] and reported to be efficient in terms of organics removal. Guo et al. [15] confirmed that 90% of total organic carbon (TOC) was removed with 5 g/L dose of Powder Activated Carbon (PAC). Vigneswaran et al. [16] noted the efficiency in removing TOC was 84% with 5 g/L initial dose and followed by 2.5% of daily replacement at filtration flux of 12 L/m 2 h. Guo et al. [15] revealed that the PAC dose of 1 g/L was effective in MF-GAC in terms of removing organics. An area that has not been widely investigated is the use of activated carbon in granular form in membrane-hybrid systems. Kim et al. [17] studied MF-GAC hybrid systems and reported that employing GAC with membrane filtration reduced the trans-membrane pressure (TMP) development and frequency of chemical cleaning by half. A smaller development in TMP meant that the two chemical cleaning procedures without GAC were reduced to one when GAC was used. Absorbents with larger particles are better than smaller ones, because they produce better membrane scouring outcomes that means less fouling. This agrees with Pradhan et al. [18] who found that the addition of GAC provides mechanical scouring and helps to reduce air scouring. As such, GAC is preferred instead of PAC because it ensures that TMP development of a membrane-hybrid system remains small over the long-term while at the same time providing better organics removal. In this study, the performance of MF-GAC in treating ROC was assessed in terms of TMP development and removal of organics. A detailed analysis of organics and pharmaceuticals and personal care products (PPCPs) was also done.
Materials and methods

Materials a. Wastewater
The ROC samples collected from a full scale MF/RO water reclamation plant located in Sydney, Australia were used as feed water. The plant treats a combination of storm water and biologically treated sewage effluent. This plant produces around 300 kL of ROC/day and is discharged directly into a sewer system [7] . The detailed characteristics of ROC used in this study are summarized in Table 1 .
b. Membrane
A hollow fibre membrane made of hydrophilic modified polyacrylonitrile (PAN) (MANN + HUMMEL ULTRA-FLO PTE LTD, Singapore) was selected for use in the MF-GAC hybrid system. The effective membrane surface area was 0.2 m 2 with a nominal pore size of 0.1 lm. The inner and outer diameters of the hollow fibres were 1.1 and 2.1 mm, respectively.
c. Granular Activated Carbon (GAC)
Coal-based premium grade GAC (MDW4050CB) was supplied by James Cumming & Sons Pty Ltd. and used as an adsorbent.
The particle size of GAC used ranged between 425 and 600 lm.
The average pore diameter was 30 Å and surface area was 1000 m 2 /g.
Experimental methods
a. Batch adsorption studies
A batch adsorption equilibrium experiment was conducted to determine the optimum dose of GAC to treat ROC at equilibrium conditions. Different doses of GAC (0-1.6 g/L) were placed in contact with 200 mL of ROC in different beakers and equilibrated for 24 h at 25°C with continuous shaking by a shaker (Ratel Platform Mixer) at 110 rpm. Upon completion of the experiments, samples were filtered through a 0.45 lm filter for DOC analysis.
An adsorption kinetics experiment was conducted to estimate the adsorption rate of organics from ROC. A fixed dose of GAC (2 g/L) was added to the known quantity (200 mL) of ROC and it underwent continuous shaking at 110 rpm. Samples were then collected at different times (5-420 min) and they were filtered through a 0.45 lm filter prior to DOC analysis.
b. MF-GAC hybrid system
The schematic diagram of MF-GAC hybrid system is depicted in Fig. 1 . A hollow fibre membrane module was immersed in a 3 L influent tank containing the ROC to be treated. The membrane reactor tank was continuously fed with ROC at a constant rate. GAC was added into the membrane reactor only at the beginning of the experiment at a concentration of 5-20 g/L. The filtration flux was maintained at 36 L/m 2 h by Peristaltic pump. Both inflow and outflow were maintained at constant rates. Air flow was provided at a rate of 1.5 m 3 /m 2 membrane area.h to produce scouring on the membrane surface as well as to keep the GAC particles in suspension in the reactor. The residence time of water in the membrane reactor was calculated to be 25 min. Unlike other studies where adsorption is generally carried out as a pre-treatment, here the GAC is directly added into the membrane reactor. Consequently, adsorption and membrane separation take place simultaneously in a single influent tank. The adsorbents in the suspension reduce membrane fouling by adsorbing potential organic foulants before reaching the membrane surface as well as via mechanical scouring. This agrees with Johir et al. [19] who reported the addition of GAC helped to reduce fouling by 50% because the GAC particles also provide a scouring effect to the membrane surface.
c. Analysis
The DOC was measured after filtering through a 0.45 lm filter using a Multi N/C 2000 analyser (Analytik Jena AG). Fluorescence Excitation-Emission matrices (FEEMs) were obtained using a Varian Eclipse Fluorescence Spectrophotometer. The 3D-EEM technique is a rapid, selective and sensitive one that generates information regarding the fluorescence characteristics of organic compounds by simultaneously changing the excitation and emission wavelength. The fluorescence in different spectral regions is associated with various types of functional groups. The fluorescence signals are basically attributed to protein-like fluorophores, fulvic-like fluorophores and humic-like fluorophores, and characterized dissolved organic matter in water using fluorescence spectroscopy [20] . EEMs were recorded using scanning emission wavelengths from 250 to 500 nm repeatedly at excitation wavelengths scanned from 220 to 400 nm by 5 nm increments. The excitation and emission bandwidths were both set at 5 nm. The fluorometer was set at a speed of 3000 nm/min, a PMT voltage of 700 V and a response time of 2 s. Liquid ChromatographyOrganic Carbon Detection (LC-OCD) Model 8 developed by Huber et al. [21] was equipped with a TSK HW 50-(S) column that measured the hydrophilic and hydrophobic fractions of organic materials and provided qualitative information on organics' molecular size distribution.
Pharmaceuticals and personal care products (PPCPs) were extracted using solid phase extraction (SPE) and analysed by Liquid Chromatograph with tandem mass spectroscopy. Analytes were extracted using 5 mL, 500 mg hydrophilic/lipophilic balance (HLB) cartridges (Waters, Milford, MA, USA). These analytes were separated using an Agilent (Palo Alto, CA, USA) 1200 series high performance liquid chromatography (HPLC) system equipped with a 150 Â 4.6 mm, 5 lm particle size, Luna C18 (2) column (Phenomenex, Torrance, CA, USA). Mass spectrometry was executed using an API 4000 triple quadrupole mass spectrometer (Applied Biosystems, Foster City, CA, USA) equipped with a turbo-V ion source employed in both positive and negative electro-spray modes. All calibration curves had a correlation coefficient of 0.99 or better.
Results and discussion
Batch adsorption equilibrium and kinetics
The results of ROC equilibrium studies conducted with GAC at different doses and contact times are given in Fig. 2 . As per batch equilibrium, the dose 1.5 g/L achieved up to 80% of DOC removal (Fig. 2a) . The kinetics results presented in Fig. 2b show as much as 80% was removed using a 2 g/L dose. Batch kinetic experiments with a GAC dose of 2 g/L indicated that DOC removal increased with time up to 6-8 h.
MF-GAC hybrid system 3.2.1. Selection of GAC dosage
Two different doses of GAC (5 g/L and 20 g/L) of membrane reactor volume were selected for the MF-GAC hybrid system so that the MF-GAC hybrid system's ability to treat ROC could be evaluated. These doses of GAC were chosen based on previous studies and our batch adsorption equilibrium and kinetics results. Vigneswaran et al. [16] commented that increasing the PAC dose from 2 g/L to 10 g/L in a MF-GAC in turn increased DOC removal from 83.4 % to 87.5% in synthetic wastewater (DOC concentrations were between 3.8 and 4.2 mg/L). Furthermore this reduced TMP development from 19.5 to 12.8 kPa. Dialynas et al. [4] concluded that a GAC dose of 5 g/L removed the most dissolved organic matter (91.3%) from ROC of membrane bioreactor effluent.
Our batch studies indicated approximately 1.5 g/L of GAC was required to reach 80% removal efficiency over a 24 h period. In this study the MF-GAC hybrid system was operated only for a short time, i.e. 6 h where 7-8 litres of ROC were treated. This volume of water required a total of 10.5-12 g of GAC based on a batch adsorption study where the most suitable dose was 1.5 g/L. This explained why 5-20 g/L of GAC was used in the membrane adsorption hybrid system.
Transmembrane pressure (TMP) development
The TMP development of MF-GAC is presented in Fig. 3 . The results show that the TMP of submerged MF membrane systems (without adsorbent addition) increased noticeably from 10.2 to 27.4 kPa over 6 h. The addition of 5 g/L of GAC at the beginning of the experiment helped to reduce TMP development by 10 kPa. It should be noted that GAC was added only at the start of the experiment and no further addition was made. The small development of TMP observed with 5 g/L of GAC in MF-GAC could be due to the pre-adsorption of organics onto GAC prior to their contact with the membrane surface. Also, extra mechanical scouring was provided by GAC to the membrane surface due to the circulation of GAC in the reactor. The additional scouring provided by GAC particles on the membrane surface could help prevent a build-up of the cake layer on the membrane surface. This phenomenon agrees with previous studies. Vigneswaran et al. [16] observed that a increase in PAC dose from 2 g/L to 10 g/L reduced TMP development from 19.5 kPa to 12.8 kPa at a filtration flux 48 L/m 2 .h. Pradhan et al. [18] observed an 85% reduction in TMP development when GAC was added to the membrane hybrid system. No significant difference was observed in the reduction of the TMP when the GAC dose was increased from 5 to 20 g/L. This is because the pre-adsorption achieved by 5 g/L GAC dose may have been enough to reduce organic deposition/fouling on the membrane surface. This observation on TMP at different GAC doses was made based on the short-term membrane adsorption experimental results. A long-term membrane experiment will confirm that TMP reduction is better at high doses of GAC [19] .
It emerged that the GAC particles did not have any adverse effect on the membrane surface because: firstly, the clean water flux was the same as that of a virgin membrane; and secondly, the filtered turbidity was reasonably low (less than 0.2 NTU). This finding can also be validated from those in other studies [22, 23] . For example, Siembida et al. [23] used granular polypropylene particles (with a diameter of 2.5-3.0 mm) in a submerged membrane bioreactor for more than 600 days. They confirmed via scanning electron microscopy (SEM) images that no damage was done to the membrane's functionality. A long-term submerged membrane adsorption bioreactor experiment conducted with seawater for more than 120 days also revealed no damage had occurred to the membrane surface [24] .
Detailed organic removal
MF filtration alone did not remove much DOC and as shown in Fig. 4 it was observed to be less than 10% 4. This is due to the fact that the hollow fibre MF membrane has a larger pore size of 0.1 lm. An observed marginal removal of 10% could be due to the adsorption of organics onto the membrane surface. With the addition of GAC dose of 5 g/L, the removal of DOC rose 20-60%.
The DOC removal significantly increased to 65-90% when a dose of 20 g/L of GAC was added.
The detailed organics removal can be explained by LC-OCD. Size-exclusion chromatography in combination with organic carbon detection (SEC-OCD) is an established method that can separate the pool of natural organic matter (NOM) into major fractions of different sizes and chemical functions. It can also quantify these on the basis of organic carbon [21] . The organic fractions before and after treatment with different doses of GAC are presented in Table 2 . Based on the LC-OCD results, the ROC contains 5.2 mg/L of hydrophobic-DOC and 27.6 mg/L of hydrophilic-DOC which comprised 15.9% and 84.1% of total DOC. The latter is composed of 44.3% of humics, 21.2% of building blocks, 15.8% of LMW neutrals and 3.0% of biopolymers. LMW acids were non-detectable. As this water was microfiltered before RO, and most of the high molecular weight compounds would have been removed, biopolymers were detected at 1 mg/L. The majority of organics of ROC were hydrophilic compounds (84.1%) and were humics and building blocks with MW in the range of 350-500 gmol
À1
. Velten et al. [25] and Cheng et al. [26] found that the adsorption of these organic fractions predominantly occur in mesopores (2-50 nm width) and large micropores (1-2 nm width). The average pore size of GAC used in this study was 3 nm which provides favourable condition for the adsorption of these compounds. Table 2 makes it clear that MF-GAC effectively removed most of the organic fractions present in ROC, however, the degree of removal was highly dependent on GAC dosages. The removal of organics nearly doubled when the GAC dose increased from 5 g/L to 20 g/L. The superior removal of organic fractions was due to more micro-pore spaces on GAC being available for adsorption. Among the Hydrophilic-DOC, the adsorption of building blocks was high, followed by humics and LMWs. According to Velten et al. [25] , the ability of organic fractions to be adsorbed decreases with larger molecule sizes as follows: biopolymers < humics < building blocks < LMW organics. Further, they noticed that effective adsorption is highly dependent on the dominance of particular fractions of organics. The reason for the high removal of building blocks (69.1%) in this present study could be explained as follows. Since the feed water is biologically treated, LMWs which are biodegradable would have been removed. The feed water contains humics and its derivatives (building blocks) in high concentrations compared to other fractions. As such, the removals of building blocks and humics are observed to be large following GAC treatment. Johir et al. [22] also observed the removal of more humics when GAC was added the membrane bioreactor.
Both hydrophobic-DOC and hydrophilic-DOC compounds are the major foulants causing membrane fouling and are responsible for an increase in TMP. The GAC dose of 5 g/L reduced the hydrophobic-DOC and hydrophilic-DOC to 3 mg/L and 15 mg/L, respectively. This corresponds to approximately 42% and 46% reduction which may be good enough to restrict TMP development in the short-term (Fig. 3) . In long-term experiments, one will need a larger dose of GAC to control the TMP development. It is a wellestablished adsorption process for the removal of dissolved organic matter (DOM) from water, due to its strong affinity for removing hydrophobic organic compounds even at a low concentration of GAC 5 g/L. Therefore, GAC adsorption can be considered as for a method for reducing membrane fouling.
Fluorescence excitation emission matrix
Three characteristic peaks were observed in EEMs including: humic-like substances (ex/em = 250-285/380-480 nm); fulvic-like substances (ex/em = 300-370/400-500 nm); and protein-like substances (ex/em = 270-280/300-350 nm). This analysis is semiquantified since the average value of fluorescence intensities in the range of ex/em of each peak is employed in comparison to the relative abundance of organics. The FEEM obtained for the untreated ROC and effluent samples with 5 g/L GAC dose and 20 g/L GAC dose are presented in Fig. 5 .
Humic substances and building blocks, which are organic compounds that can be detected by LC-OCD with UV detector, were dominant DOC compounds in ROC. By contrast, biopolymers concentration was low in ROC. Similarly, a significant reduction of humic-like and fulvic-like substances was observed through the FEEM analysis. Fluorescence intensity of protein-like substances was weak in ROC.
Fluorescence intensity of protein-like substances (53.1 a.u.) was less than humic-like (94.3 a.u.) and fulvic-like (232.7 a.u.) substances in ROC. GAC reduced protein-like organic substances to 27.5 a.u. and 9.7 a.u. with 5 g/L and 20 g/L, respectively. This revealed that GAC also reduced the problem of biofouling during the membrane process. The presence of this peak represents the biofouling potential since the protein-like substances detected in FEEM contain an indole functional group. It is an essential amino acid as demonstrated by its effect on the growth of micro-organisms [27] .
As observed in LC-OCD analysis, FEEM results revealed that humic-like and fulvic-like substances were dominant organic compounds in ROC. This indicated that the hydrophobic fractions (humic and fulvic) were rich in biologically treated effluent while natural waters mainly consists of hydrophobic fractions. Notably, fulvic-like peaks were much stronger than humic-like peaks indicating that fulvic-like substances presented a larger portion of humic-like substances of ROC. FEEM analysis made the detailed study of different fractions in humic substances possible. Fulviclike substances consist of high molecular weight aromatic humic substances [28] . ROC contained the highest amount of aromatic fulvic-like materials, which can damage membranes as they are severe organic foulants. However, GAC was effective in reducing fulvic-like substances from 232.7 a.u. to 90.9 a.u. and 15.8 a.u. with 5 g/L and 20 g/L, respectively.
Pharmaceuticals and personal care products
Many researchers have discussed the occurrence of PPCPs in the effluents of wastewater treatment plants (WWTPs) [29] . The elimination of these PPCPs through the use of conventional treatment processes is not effective [30] . GAC has been found to be effective in the removal of PPCPs [31] . The results of this study relating to the removal of PPCPs by GAC are presented in Table 3 . In this study, the removal efficiency of PPCPs by GAC dose of 20 g/L was found to be more significant (81-100%) than that with a GAC dose of 5 g/L (65-100%). The results were comparable with previous results of Hernández-Leala et al. [32] and Yang et al. [33] in which the removal of triclosan, diclofenac, trimethoprim, carbamazepine, and caffeine by GAC alone were 95%, 100%, 90%, 75%, and 45% respectively. The removals of PPCPs by GAC can be explained based on hydrophobicity and charge of the PPCPs molecules and these can be expressed via Log Kow (octonol-water partition coefficient) and pKa (acid dissociation constant) values. The PPCPs having higher Log Kow values are known to have a more hydrophobic nature and these are significantly adsorbed by GAC. In addition, the PPCPs having higher pKa values (>7) are highly adsorbed by GAC since they are positively charged. As the degree of the removal of PPCPs is influenced by the combination of solute Log Kow and pKa values, the Log Kow values were corrected and the corrected value is expressed as Log D values. Here D is the distribution coefficient of the PPCPs in n-octonol to water at equilibrium.
The Log D values were calculated based on the equations (Eqs. (1) and (2) 
Conclusions
The addition of GAC into the MF-GAC hybrid system reduced TMP development by 10 kPa which is due to the mechanical scouring effect provided by GAC as well as by the pre-adsorption of organics before reaching the membrane surface. The addition of GAC 5 g/L removed DOC by 20-60% throughout the experiment's 6 h duration whereas hydrophobic and hydrophilic portions removals were 42% and 46%, respectively. The increase in GAC dose to 20 g/L resulted in up to 85% of DOC being removed. FEEM results show the removal of humic-like substances and fulvic-like substances to be at significant levels.
The MF-GAC hybrid system's removal of PPCPs proved to be very effective. In fact, 65-100% removal was observed with a GAC dose of 5 g/L of membrane reactor volume, which increased to 81-100% with a GAC dose of 20 g/L. The dose of 5 g/L of membrane reactor volume corresponds to a GAC usage of 2 g/L of treated water. Moreover, the removal of PPCPs was not affected when natural organics were present, as there were abundant GAC binding sites for incoming PPCPs and DOC. PPCPs are smaller molecules and hydrophobic in nature and can find easy access to GAC binding sites.
Finally, MF-GAC is an effective system for treating ROC to remove dissolved natural and persisting organics prior to discharge into the environment in a safe manner. Alternatively the effluent can be recirculated and mixed with other feed to a RO process to maximize water reuse. [30] . e Serrano et al. [36] . f Loftsson [37] .
